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Background: Air pollution exposure is associated with hospital admissions and emergency room visits for
cardiopulmonary disease and stroke. Iceland’s capital area, Reykjavik, has generally low air pollution levels, but traffic
and natural sources contribute to pollution levels. The objective of this study was to investigate temporal
associations between emergency hospital visits and air pollutants ozone (O3), nitrogen dioxide (NO2), and
particulate matter (PM10) in the Icelandic capital area.
Methods: We constructed a time series of the daily number of adults who visited the emergency room, or were
acutely admitted for stroke or cardiorespiratory causes to Landspitali University Hospital 1 January 2003 –
31 December 2009 from the hospital in-patient register. We used generalized additive models assuming Poisson
distribution, to analyze the daily emergency hospital visits as a function of the pollutant levels, and adjusted for
meteorological variables, day of week, and time trend with splines.
Results: Daily emergency hospital visits increased 3.9% (95% confidence interval (CI) 1.7-6.1%) per interquartile (IQR)
change in average O3 the same and two previous days. For females, the increase was 7.8% (95% CI 3.6-12.1) for elderly
(70+), the increase was 3.9% (95% CI 0.6-7.3%) per IQR increase of NO2. There were no associations with PM10.
Conclusions: We found an increase in daily emergency hospital visits associated with O3, indicating that low-level
exposure may trigger cardiopulmonary events or stroke.
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Iceland's capital Reykjavík is located in the southwest
corner of Iceland (Additional file 1) and is the world's
most northerly capital. Though air quality is overall
good, Iceland has one of the highest per capita car own-
ership rates and the capital area occasionally experiences
high levels of traffic pollutants.
Ozone (O3) is a secondary pollutant, with precursors
emitted especially from combustion engines. The concen-
tration of O3 in Iceland peaks in early spring and Iceland
lacks the summer smog commonly associated with O3 in
the world's larger and more southerly metropolitan areas.* Correspondence: hkc1@hi.is
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reproduction in any medium, provided the orThe correlations of O3 and other pollutants are unusually
low in Iceland, for example PM10 (particulate matter with
an aerodynamic diameter less than 10 μm) and O3 are
nearly uncorrelated [1]. Ozone has in a few studies been
associated with daily mortality, hospital admission for re-
spiratory disease, myocardial infarctions and stroke [2-6].
No study of this kind as previously been done in Iceland.
Particulate matter (PM) concentrations sometimes spike
in winter due to primary combustion particles, use of stu-
dded tires, and salt and sand spread on roads and side-
walks. Also, sandstorms from areas with little vegetation in
southern and central Iceland contribute to PM levels in the
capital area [7]. A number of studies have found associa-
tions between health and PM levels [8,9], and PM10 from
sandstorms is associated with cardiorespiratory mortality
and hospital admissions [10,11]. In Iceland, associations
between PM10 and anti-asthma drug sales were found [1].Ltd. This is an Open Access article distributed under the terms of the Creative
ommons.org/licenses/by/2.0), which permits unrestricted use, distribution, and
iginal work is properly cited.
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and is used as an indicator of traffic pollutants. NO2 is
known to be harmful to respiratory health and is associated
with exacerbated allergic response in asthmatics [12] and
increased rates of asthma emergency room (ER) visits [13].
In Iceland, associations have been found between NO2 and
angina pectoris symptom-relieving drug sales [14].
The aim of this study was to investigate the associa-
tions between urban air pollutants and daily emergency
hospital visits for cardiopulmonary disease and stroke, in
Iceland's capital area.Methods
Health and environmental data
Pollution data and meteorological data from an urban
roadside measuring station for the years 2003 through
2009 were provided by the Environmental Branch of the
Municipality of Reykjavík (2003–2008) and the Icelandic
Environmental Protection Agency (2009). Unfortunately,
the finer fraction of PM10, PM2.5 (PM < 2.5 μm) measure-
ments were too incomplete to include in the analysis. We
investigated the following pollutants: PM10, O3, and
NO2. The measuring station was located in Reykjavik
(Additional file 1). When the data (30 or 60 minute
averages) were at least 75% complete we calculated the
24 hour mean of PM10 and NO2, for O3 we calculated
the daily maximum 8-hour mean (commonly used for
regulatory purposes).
Data on emergency hospital visits, that is, ER visits
and acute hospital admissions to the Landspitali Univer-
sity Hospital in Reykjavik were extracted from the Regis-
ter of Hospital-treated Patients in Iceland (SAGA) for
the period January 2003 to December 2009 (Additional
file 2). The Landspitali University Hospital is the only
acute hospital care center in the capital area. Data were
recorded in the same electronic system throughout the
research period. The pulmonary and stroke departments
have been operating in the same location throughout the
period, but the cardiac ER moved to another location
of the unit in 2008. As a primary outcome measure,
we selected acute hospital visits of patients who had
been admitted to relevant, pre-specified wards and
clinics within the hospital, or visited the ER, for one
of the following classes of disease: pulmonary disease
(ICD10 codes starting with J20-J22, J40-J46 and J96),
cardiac disease (ICD10 codes starting with I20-I27,
I46, I48 and I50) and cerebrovascular events (ICD10
codes starting with I61-I69 and G45-G46) denoted
stroke henceforth. The daily number of emergency
room visits and acute hospital admissions were
pooled and are known jointly as emergency hospital
visits in the following. Data were restricted to patients
18 years or older at the time of the events.Statistical analysis
We applied Generalized Additive Models (GAMs), assu-
ming that daily emergency hospital visits were Poisson
distributed, allowing for overdispersion. We restricted the
study population to individuals with a legal address in the
Reykjavík area (postcodes 101 through 270), approxi-
mately 200.000 persons (63% of the Icelandic population)
due to the location of the pollution measuring station.
We modeled the outcomes; all emergency hospital visits
(emergency room visits and acute hospital admissions),
and stratified for sex and age (cuf-off: 70 years) as a time
series. The age cut-off was chosen because at that age
most persons in Iceland are retired. When modeling asso-
ciations where the outcome is delayed relative to the
exposure, the model can include lags, for example the
exposure the day before the outcome (lag 1) or the average
of the same day, and up to two days before (lag 0–2).
Previous studies have observed effects of O3 at different
lags; lag 0 and 1 (effects the same day and the day after
the observed exposure) for ischemic stroke [5], lag 3 for
recurrent cardiac and cerebrovascular ischemic events [6];
lag 0–3 for COPD admissions [15], lag 1–5 for cardiovas-
cular mortality and morbidity [16]. After careful review of
the literature, we decided to use lag 0–2 (average of the
levels on the same day, one day, and two days before) for
all air pollution variables. As a sensitivity analysis we re-
peated the main analysis with exposure as same day pollu-
tion (lag 0) to the mean of the same day and the previous
5 days (lag 0–5).
We modeled the outcomes as a function of air pollut-
ants in single-, two-, and three-pollutant models. Four
outcomes were considered in this study, first all emer-
gency hospital visits, then stratified by sex, and finally
emergency hospital visits in elderly (>70 years of age),
All models were adjusted for temperature and relative
humidity using lag 0–2. The linearity of the association
between the outcome and pollution variables were tested
with splines and found to be not different from linear
(p>0.20). Pollen and influenza epidemic variables were
tested in the models, but were not statistically significant,
nor did they markedly alter the coefficient estimates for
the exposure variables, and were thus excluded from the
final models. All models were adjusted for day-of-week
and public holidays using binary indicator variables. We
then used a cubic, penalized smoothing spline with 8
degrees of freedom for time trend and found that the co-
efficients were unaltered, but the fit was slightly improved.
The models were optimized with respect to deviance
explained and visual inspection of the spline functions and
the autocorrelation function of the residuals. After includ-
ing the number of emergency hospital visits at lag 1 as a
variable, the autocorrelation function of residuals was
found to be reasonable (Additional file 3). As a sensitivity
analysis, the three-pollutant model for emergency hospital
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as April 16 to October 15, and winter October 16 to April
15. In a sensitivity test of high exposure values, especially
for PM10, we analyzed the data excluding the 5th percent-
ile highest values of the pollutants.
The results from the statistical analysis are reported as
change in daily emergency hospital visits (in percent, %)
for the interquartile (IQR) change in pollutant concen-
tration. We considered p-values under 0.05 to be statisti-
cally significant. Data were prepared in PASW Statistics
version 18 [17], and analyzed using the 'mgcv' package
in R statistical software, version 2.14 [18].
The study was approved by the Science Bioethics Com-
mittee (VSNb2010120017/03.7), the Data Protection
Agency (2010121176AT/–) and the Landspitali University
Hospital Medical Executive board (December 22nd 2010).
Results
During the 7-year period, there were 24439 emergency
hospital visits, of which the majority (76.9%) was for
cardiac causes, whereas 16.7% were for stroke and 6.4%
for pulmonary causes (Table 1, Figure 1). The mean daily
number of emergency hospital visits was lower towards
the end of the study period. Emergency hospital visits
for cardiac causes dropped from on average 8 per day
during 2003–2007 to circa 6 in 2008–2009, coinciding
with the move of the cardiac ER to a separate location
from the other ER departments.Table 1 Daily emergency hospital visits, pollutant levels and
n (%) Mean Std. dev
Emergency hospital visits
All 24439 (100%) 9.6 3.8
Cardiaca 18782 (76.9%) 7.3 3.3
Strokeb 4082 (16.7%) 1.6 1.3
Pulmonaryc 1575 (6.4%) 0.6 0.8
Female 10269 (42.0%) 4.0 2.2
Male 14170 (58.0%) 5.5 2.6
Age 70 years or older 14862 (60.8%) 5.8 2.7
Pollutants & meteorological variables
O3 (μg/m3)d 2355 (92.1%) 47.3 16.8
NO2 (μg/m3) 2372 (92.8%) 22.1 13.6
PM10 (μg/m3) 2396 (93.7%) 21.2 19.8
Temperature (°C) 2533 (99.1%) 6.0 5.2
Relative humidity (%) 2533 (99.1%) 78.0 10.8
Daily counts for emergency hospital visits were available for all days. n denotes the
variables, n denotes the number of days with data available. The total number of d
Std. dev; Standard deviation.
a Cardiac disease (ICD10 codes starting with I20-I27, I46, I48 and I50).
b Stroke (Cerebrovascular disease) (ICD10 codes starting with I61-I69 and G45-G46).
c Pulmonary diseases (ICD10 codes starting with J20-J22, J40-J46 and J96).
d Maximum daily 8-hour mean, daily 24-hour mean for other exposure variables.The pollution data were at least 92.1% complete
(Table 1). NO2 and O3 exhibit distinct seasonality, PM10
have relatively low background levels, but high, intermit-
tent peaks, which are often associated with meteorological
factors, sandstorm activity and special events, such as
New Year's Eve where abundant amounts of fireworks are
fired every year. The mean annual temperature during the
study period was 6.0°C (Table 1, Figure 2).
The correlations between most pollutants and meteoro-
logical variables were moderate, except the correlation
between O3 and NO2, r=−0.47 (p<0.001) and temperature
and NO2, r = −0.43 (p<0.001: Table 2).
In the single pollutant analysis, an IQR increase in O3
levels was associated with an increase in all emergency
hospital visits with 3.9% (95% CI 1.7 – 6.1%, p<0.01;
Table 3). Association with NO2 were not statistically sig-
nificant, Associations with PM10 were close to null. In the
three-pollutant analysis; (NO2, O3 and PM10 in the same
model) we found that an IQR change in O3 was associated
with an increase in emergency hospital visits of 5.3% (2.5 -
8.1%, p<0.01). No associations with PM10 were found
(Table 3). The O3 and PM10 effect estimates from two-
pollutant models were similar to the effect estimates from
the single-pollutant models, but the NO2 estimates were
altered (Additional file 4: Table A).
Stratifying the emergency hospital visits by sex, the ef-
fect estimates for O3 were higher in women than in
men; female emergency hospital visits increased 7.8%meteorological variables in Reykjavík 2003-2009
Min-imum Max-imum Percentiles
25th 50th 75th
0 26 7 9 12
0 20 5 7 9
0 8 1 1 2
0 5 0 0 1
0 14 2 4 5
0 16 4 5 7
0 19 4 6 7
1.4 119.4 36.3 46.1 57.2
1.5 111.6 12.0 19.2 28.6
1.3 261.1 11.0 15.6 23.6
−11.3 21.2 2.3 6.2 10.4
39.3 100.0 70.5 79.6 86.3
total number of emergency hospital visits. For pollutants and meteorological
ays in the period is 2557.
Figure 1 Daily emergency hospital visits for cardiopulmonary, respiratory and stroke diagnoses to the Landspítali University Hospital
in Reykjavík.
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O3, whereas the increase was 3.5% (95% CI 0.1 - 6.9%,
p=0.04) for men. Associations with PM10 in males and
females were close to null. In elderly (those aged 70 or
older), we found that the number of emergency hospital
visits increased with 6.5% (95% CI 3.0 – 10.1%, p<0.01)
per IQR increase in O3, and 3.9% (95% CI 0.6 – 7.3%,
p = 0.02) per IQR increase in NO2 (Table 3).
For all models, the lag 1 variable; emergency hospital
visits of the day before, was positively associated with the
outcome. This was most pronounced in those 70 years or
older. The effect estimates were only slightly affected bychanges in the length of the lag (Additional file 4: Table B).
Excluding high values, or stratification by season did not
alter the point estimates associated with O3 substantially
(data not shown).
Discussion
In the study, which was undertaken in a low-pollutant
urban area, cardiopulmonary and stroke emergency hos-
pital visits were associated with O3 levels of the same
day and the previous two days. We found that the effect
estimate was higher in women than men. In those aged
Figure 2 Daily pollutant levels in Reykjavík 2003–2009, 24-hour means of NO2 and PM10, and the 8-hour maximum of O3. The dotted
lines denote the relevant health limits.
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O3 and there seemed to be an effect also from NO2. We
observed no effect of PM10 in this setting. These results
suggest that worsening of respiratory disease, cardiac
events and stroke could be triggered by short term ex-
posure to increased O3 levels, and that women and the
elderly could be more susceptible.
A review of cardiovascular injury and O3, [19] found a
likely association in both epidemiological studies and
in vitro studies of inflammatory markers. A case-crossover
study of dispensing of quick-acting drugs for angina
pectoris symptoms (nitroglycerines) found associationsTable 2 Correlation coefficient matrix of the exposure variabl
O3
a PM10
O3
a 1 0.03
PM10 1
NO2
Temperature
Relative humidity
a Maximum daily 8-hour mean, daily 24-hour mean for other exposure variables.
P <0.001:#.with same-day and lag 1 of O3 and NO2 levels in Iceland’s
capital area [14]. The estimated effects observed in the
present study were similar to those from a study of O3
levels and incident ischemic events, stroke and myocardial
infarction. Here, the association was modified by under-
lying diseases [5,6]. O3 effects are mainly found in elderly
and inflammation and vasoconstriction of the arteries are
suspected underlying mechanisms for cardiovascular out-
comes, while oxidative irritation has been suggested for
respiratory effects [16]. Unfortunately, we had no data on
comorbidities, but the O3 and NO2 effect estimate were
higher in the elderly (≥ 70 years of age) who are morees (Pearson)
NO2 Temperature Relative humidity
−0.47# −0.03 −0.12#
0.16# −0.26# −0.32#
1 −0.43# 0.07#
1 0.11#
1
Table 3 Associations between daily emergency hospital visits and pollution levels (lag 0–2) in single-and three
pollutant models
O3 NO2 PM10
% (95% CI) p % (95% CI) p % (95% CI) p
All
Single-pollutant 3.9 (1.7-6.1) <0.01 −1.4 (−3.3-0.6) 0.17 0.1 (−0.9-1.2) 0.86
Three-pollutant 5.3 (2.5-8.1) <0.01 1.5 (−1.0-4.1) 0.24 −0.4 (−1.7-0.7) 0.45
Females
Single-pollutant 5.7 (2.4-9.1) <0.01 −1.6 (−4.5-1.4) 0.29 0.1 (−1.5-1.8) 0.86
Three-pollutant 7.8 (3.6-12.1) <0.01 2.7 (−1.1-6.8) 0.17 −0.6 (−2.4-1.2) 0.51
Males
Single-pollutant 2.9 (0.1-5.8) 0.04 −1.1 (−3.7-1.5) 0.39 0.1 (−1.3-1.5) 0.88
Three-pollutant 3.5 (0.1-6.9) 0.04 0.6 (−2.6-3.9) 0.73 −0.1 (−1.7-1.4) 0.86
Elderly
Single-pollutant 3.3 (0.5-6.1) 0.02 −0.1 (−2.6-2.5) 0.96 0.0 (−1.4-1.4) 0.98
Three-pollutant 6.5 (3.0- 10.1) <0.01 3.9 (0.6-7.3) 0.02 −0.6 (−2.2-0.9) 0.43
Results are given as percent (%) change in visits per interquartile range (μg/m3) increase. Models are adjusted for lag 1 of relevant visits, day-of-week and odd
holidays, lag 02 temperature and relative humidity, and time trend with a cubic-penalized spline. Interquartile range of lag 02 variables: O3: 17.21 μg/m
3, NO2:
12.93 μg/m3, PM10: 11.05 μg/m
3.
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Previous studies have found sex-differentiated effect of
O3; associations with ischemic stroke in men, but not in
women [5], and higher associations with mortality in
women than men [20]. Moreover, O3 exposure exacer-
bated pneumonia in female rats, but not in male rats [21].
Unfortunately the proportion of stroke events and pul-
monary admissions in the present study were too few to
analyze separately stratified by sex. Some findings suggest
that O3 effects appear mostly in summer [4], probably
because O3 peaks when temperatures are high in urban
areas in warmer climates. In Finland, higher summer
effects were found [16]. However, a large European study
found strong associations between ozone and daily morta-
lity in winter, after adjusting for the negative correlation
between O3 and primary combustion products (e.g. CO)
[3]. In the present study, effect estimates for O3 were simi-
lar when stratified by season, somewhat expected, as the
seasonal temperature variation is limited (data not shown).
In our study, NO2 was only associated with our out-
come in those 70 years or older. As the majority of the
emergency hospital visits were due to cardiac causes, this
is consistent with the association in the elderly observed
in previous studies where associations have been observed
between NO2 and admissions for cardiorespiratory causes,
especially in the elderly [13], and NO2 levels and angina
pectoris medication sales [14]. We observed no associ-
ation between PM10 and emergency hospital visits, al-
though PM10 was the only variable which significantly
exceeded the official health limits values in our data. The
24-hour health limits for air pollution in Iceland are
50 μg/m3 for PM10, 75 μg/m
3 for NO2, and 120 μg/m
3 for8-hour O3. Several studies have shown health effects from
coarse particles [22] and studies have found associations
with mortality in Stockholm [8] and also associations with
respiratory admissions [23]. Positive associations between
ischemic stroke and PM10 were found by Oudin and col-
leagues [24]. However, strokes were only a small fraction
of the emergency hospital visits in this study. It was a limi-
tation of the present study that no data on fine particles,
PM2.5, were available. Associations between fine particles
and admissions for respiratory- and cardiovascular disease
have previously been shown [23,25,26]. Also, Peng and
colleagues [23] found that small associations between
PM2.5–10 levels and admissions in individuals 65 years or
older for cardiovascular- and respiratory causes dis-
appeared after adjusting the results for PM2,5. The low risk
associated with increased levels of PM10 could be related
to that PM at high levels may originate at other sources
than at lower levels. Particle composition also influences
particle toxicity. As the Icelandic capital area is surrounded
by sea on three sides the salt content in PM is substantial
[27]. In a study of cardiovascular admissions and PM2.5, no
associations with particles containing salt components
were found [26], neither between mortality and aged sea
salt particles [28]. In a study of cardiorespiratory admis-
sions in children and elderly there were no observed
associations between PM salt content and admissions, and
it was suggested that salt could either act as a proxy of
cleaner air (sea salt) or road dust (road salt)[29]. A high
proportion of sea salt in PM10 could be a factor the non-
observed association with PM10 in this study. Unfortu-
nately, no information is currently available on the daily
variation of sea salt in PM in our study area.
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ity and emergency hospital visits and PM10 was negatively
correlated with relative humidity (r=−0.33), which could
modify the PM10 effect on emergency hospital visits. How-
ever, when excluding relative humidity from the model,
PM10 effect estimate did not change. In the sensitivity
analysis excluding the highest values from the data set,
only the PM10 effect estimate changed noticeably, from
negative to positive (data not shown), indicating that the
very high values of PM10 are independently associated
with our health outcome. PM10 in Iceland has been found
to contain high levels of soil and organic matter [27]
which could influence toxicity. We aim to investigate this
in future research.
The correlations between O3 and PM10 and O3 and
meteorological variables were close to null in our study,
whereas in France, higher correlations were found be-
tween O3 and PM10 (r = −.22), and between O3 and
temperature, (r = .74) [6]. Other studies have found
higher correlations between O3 and PM10, and O3 and
temperature [16], and substantial variance in the correl-
ation between O3, PM10 and NO2 in different cities in
Italy [20]. The low pollutant correlations in the present
study are interesting given that we observed associations
with O3, but not with PM10, somewhat in contrast to
findings from other studies. This could indicate that
something about the pollution mixture or atmospheric
conditions are different in this setting.
We combined cardiac, pulmonary and stroke emergency
hospital visits in order to get sufficient statistical power,
and chose to use lag 0–2 as the exposure to event-time is
quite likely different for the three outcomes. A sensitivity
analysis of different lag structures revealed lag 0–2 to be a
good fit without losing too much data. The results were
not sensitive to changes in lag structures (Additional file 4:
Table B). The time trend spline had 8 degrees of freedom,
when using higher number of degrees of freedom, the
autocorrelation- and partial autocorrelation functions
showed signs of overfitting.
The cardiac emergency department moved during the
study period, but there was no change in the number of visits
per day outside of an already downwards trend. A sensitivity
analysis of the period before and after also revealed no signifi-
cant changes. Data from one measuring station were used to
estimate exposure for the entire study population in this
study, and while inaccurate exposure assignment across the
study area can cause a non-differential error, it is unlikely to
skew the results, but decreases the statistical power [30]. The
ecological time series design is independent of personal risk
factors which do not change over time, underlying disease,
and recurrent or incident events. While the study design
does not allow us to further explore effect modification due
to personal risk factors, other studies have shown increased
risks in people with underlying disease [6,12].Conclusions
In this study of daily acute hospital admissions and
emergency room visits for cardiopulmonary and stroke
events, we observed a positive association with pollutant
concentrations of O3. The effect estimates were higher
in women and in the elderly. In elderly we also found a
positive association with NO2. There were no associa-
tions with PM10. The findings indicate that in spite of
moderate O3 levels and the lack of a summer ozone
peak, O3 may trigger emergency hospital visits.
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